The crystal structure of (4S)-limonene synthase from Mentha spicata, a metal ion-dependent monoterpene cyclase that catalyzes the coupled isomerization and cyclization of geranyl diphosphate, is reported at 2.7-Å resolution in two forms liganded to the substrate and intermediate analogs, 2-fluorogeranyl diphosphate and 2-fluorolinalyl diphosphate, respectively. The implications of these findings are described for domain interactions in the homodimer and for changes in diphosphate-metal ion coordination and substrate binding conformation in the course of the multistep reaction.
M onoterpenoid (C 10 ), sesquiterpenoid (C 15 ), and diterpenoid (C 20 ) synthases catalyze the electrophilic cyclizations of their respective acyclic precursors, geranyl diphosphate (GPP), farnesyl diphosphate, and geranylgeranyl diphosphate, to the various terpene skeletons. Cyclization proceeds by ionization of the substrate followed by internal addition, often involving secondary cyclizations and rearrangements, before termination of the reaction by deprotonation or nucleophile capture (1) (2) (3) . In the case of the monoterpene synthases, a preliminary ionization and isomerization of the geranyl precursor to (3R)-or (3S)-linalyl diphosphate (LPP) (depending on the initial folding of the substrate) is required to overcome the geometric impediment to cyclization imposed by the 2,3-trans-double bond of GPP (Fig.  1 ). After the isomerization to enzyme-bound LPP, a second ionization initiates C6-C1 cyclization to the ␣-terpinyl cation (a universal intermediate in monoterpene cyclizations). Bicyclic monoterpene skeletons are generated from this intermediate by internal addition to the remaining double bond (Fig. 1) .
The mechanistically simplest of all monoterpene cyclizations is that leading to limonene, in that the reaction cycle is completed by methyl group deprotonation in the ␣-terpinyl cation leading directly to the olefin product (Fig. 1) . (4R)-and (4S)-limonene are among the most common monoterpenes, occurring in Citrus oils, conifer turpentines, and the essential oils of a broad range of other plant genera (4) . Notably, limonene also serves as the precursor of many oxygenated derivatives found in the essential oils of a number of agronomic species, including (Ϫ)-menthol in peppermint, (Ϫ)-carvone in spearmint, (ϩ)-carvone in caraway and dill, and (Ϫ)-perillaldehyde in perilla ( Fig. 1) (5, 6) .
(4S)-LS from mint (Mentha) species was first described in 1983 (7). The enzyme from the oil glands of spearmint (Mentha spicata) (8, 9) was purified, characterized, and microsequenced (10) , ultimately allowing isolation and functional expression of the corresponding cDNA from several members of the mint (Lamiaceae) family, including spearmint (11) , peppermint (12) , and perilla (13) . LS is typical of angiosperm monoterpene cyclases in being localized to plastids (14) ; in requiring a divalent metal ion (Mg 2ϩ or Mn 2ϩ ) for substrate binding and catalysis; in having a size of Ϸ65 kDa, a pH optimum near neutrality, and a pI of Ϸ5; in having a K m value for the geranyl substrate in the low micromolar range with k cat Ͻ 1 sec Ϫ1 ; and in exhibiting sensitivity to cysteine-, methionine-and histidine-directed reagents (10, (15) (16) (17) . The recombinant enzyme from spearmint expressed in Escherichia coli (and from which the plastidial targeting sequence has been deleted) is kinetically comparable with the native enzyme, and both are of high fidelity in producing 94% (Ϫ)-(4S)-limonene with Ϸ2% each of myrcene, (Ϫ)-␣-pinene and (Ϫ)-␤-pinene (17) .
The stereochemistry and mechanism of the cyclization to (4S)-limonene have been studied in some detail and are thought to involve binding of the right-handed (in the screw sense) conformer of GPP and ionization, with syn-migration of the diphosphate (PP i ) moiety to C3 to yield (3S)-LPP (Fig. 2) ; this isomerization appears to be the rate-limiting step of the reaction (15) . After rotation about C2-C3, enzyme-bound (3S)-LPP ionizes in anti-endo conformation to promote the C6-C1, anti-S NЈ cyclization to the (4S)-␣-terpinyl cation, with net retention of configuration at C1 of the original geranyl substrate (due to the rotation of the vinyl group to present the methylene face from which the diphosphate moiety departed in the prior isomerization step) (18) . Deprotonation from the adjacent methyl of the ␣-terpinyl cation via cisoid anti-elimination affords the corresponding olefin (4S)-limonene ( Fig. 2) (19, 20) that debinds from the enzyme (in an as-yet-undefined fashion) to complete the reaction cycle. This transformation constitutes one of the least complicated of all terpenoid cyclization reactions (21) , and it is one of very few that has ample precedent in biomimetic solvolysis studies (22) (23) (24) . The widespread occurrence of limonene also implies an equally broad distribution of LSs in the plant kingdom. For these reasons, LS has become a model for this class of enzymes (25) . In this paper, we describe the crystal structures of (4S)-LS from mint cocrystallized with 2-f luoroGPP (FGPP) and 2-f luoroLPP (FLPP), and we report on the implications of these structures for the coupled isomerization-cyclization reactions catalyzed by monoterpene synthases. chemical course of the reaction (leading to a particular enantiomer) is determined by the initial binding conformation of the geranyl substrate (1). To better understand how LS enforces binding of GPP in the appropriate conformation leading to (Ϫ)-(4S)-limonene, we sought an inert substrate analog that would bind to LS and mimic the initial enzyme-substrate complex with GPP bound in the presumed right-handed helical folding (Fig. 2) . Several fluorinated prenyl diphosphates, in which an allylic hydrogen has been replaced with fluorine, are potent inhibitors of terpenoid synthases and the mechanistically related prenyltransferases (26) (27) (28) (29) . One of these compounds, FGPP, was chosen as a cocrystallization ligand because it is structurally very similar to GPP, and it was presumed to be essentially nonreactive because of the electron-withdrawing influence of the ␣-fluorine substituent in suppressing ionization of the C1-diphosphate ester. The tertiary allylic isomer, FLPP, was chosen as an additional ligand because of its close resemblance to the enzyme-bound linalyl intermediate of the reaction (see Fig. 1 ; note that the numbering for the LPP skeleton is the same as for GPP). Extended incubation of LS with each analog under typical assay conditions (15) (16) (17) yielded detectable levels of the same fluorinated olefin, which had a gas chromatographic retention time and mass spectrum consistent with fluorolimonene. Thus, both fluoro-analogs were slowly turned over to product, with the rate of FLPP Ϸ10 times that of FGPP.
Cocrystallization of LS with either FGPP or FLPP and Mn 2ϩ ion yielded crystals of the I4 space group, with two molecules of LS in the asymmetric unit and diffracting to 2.7-Å resolution. Crystals were obtained under identical conditions by using both FGPP and FLPP, and both crystals were of apparently identical quality. Crystals also were obtained with Mg 2ϩ in the place of Mn 2ϩ , but these were of lesser quality and of a different crystal form. LS can use either Mg 2ϩ or Mn 2ϩ in the cyclization reaction with similar kinetics and identical product outcomes (15) , including the ratios of minor products (D.C.H. and R.B.C., unpublished data). Therefore, Mn 2ϩ was used throughout this study. The structure of LS was determined by molecular replacement using a search model derived by fitting the LS amino acid sequence to the published coordinates of (ϩ)-bornyl diphosphate synthase (BPPS) from Salvia (30) . BPPS has been determined to be a homodimer, both in solution (31) and in the crystal state (30) , whereas LS has been observed as a monomer in solution (10) . In the present structures, LS crystallized with two molecules in the asymmetric unit, in the same relative orientation as observed for the BPPS dimer (30) , thus raising the possibility that LS may also form functional dimers in solution, at least transiently, which may account for the atypical reaction kinetics observed for this enzyme at higher substrate (Ͼ30 M) concentrations (17) .
The fold of LS is similar to that of BPPS (30) and 5-epiaristolochene synthase from tobacco (32) in having two helical domains: a C-terminal domain containing the active site and an N-terminal domain of uncertain function (Fig. 3 ). Also consistent with the previous structures is the N-terminal strand, which precedes the N-terminal domain but which folds back across the C-terminal domain to form part of the active site ''cap'' that presumably shields reactive carbocation intermediates from solvent. The presence of the apparently nonfunctional N-terminal domain in LS and similar terpenoid synthases (33) may be a consequence of their evolutionary history. A study of intron conservation patterns in terpenoid synthase genes has indicated that modern terpenoid synthases evolved from an ancestral enzyme in which both domains were catalytically functional (34) . A modern example of such a dual-function enzyme is abietadiene synthase, in which both the N-terminal and C-terminal domains catalyze distinct steps in the cyclization to the diterpene olefin (35, 36) . In enzymes such as LS, which appear to use only the C-terminal domain, the N-terminal domain may thus be a relic; however, there is a significant level of sequence conservation in this region of the known terpenoid synthases (34) , beyond what might be expected for an evolutionary relic, suggesting some yet undiscovered role.
The four LS chains (two from each structure) are similar in overall conformation but show considerable localized structural differences, suggesting general flexibility that is reflected in an average pairwise rms deviation of 0.68 Å for all C␣ atoms. Both the BPPS (30) and 5-epi-aristolochene synthase (32) structures have shown that these enzymes change from an open to a closed conformation of the active site upon ligand binding. The structures presented here, although both in the closed, ligandbound conformation, still display conformational flexibility. A flexible structure, particularly in the active site, would be expected for an enzyme that binds two structurally distinct prenyl diphosphates (GPP and the isomerized intermediate LPP) during the course of the reaction. This apparent flexibility may relate to the role of the tandem arginine residues (R58 and R59) located in the N-terminal strand. This motif is found in many terpenoid synthases of plant origin and is thought to mark the approximate cleavage site of the plastid targeting sequence (17, 37) . In the truncated form of LS used here, the tandem arginine residues are located immediately after the added Nterminal methionine. A previous truncation study with LS (17) has implicated the tandem arginine residues in the initial isomerization of GPP to LPP, owing to the inability of LS truncated beyond R58 to isomerize and cyclize GPP while still functioning with LPP as substrate for the cyclization step. In the present structures, neither arginine residue makes contact with reactants, suggesting that their role in the conversion of GPP to LPP is indirect. Nevertheless, it is suggested from the data on the present structures that the tandem arginine residues may play a structural role; R58 participates in an electrostatic interaction with the side chain of conserved E363, and R59 appears to form a bifurcated hydrogen bond to the backbone carbonyl of residue 357 and to the Y435 side chain. The combination of these weak interactions seems to anchor the N-terminal strand to the outside of the active site and thus stabilize the required closed conformation. These interactions remain in place in both structures despite the apparent flexibility of the surrounding regions. Anchoring of the termini, either through disulfide bonds (38) or electrostatic interaction (39), has been suggested as an element of protein thermostability, and the role of the tandem arginine residues may thus be to help maintain a stable, closed active site while still allowing the flexibility necessary for binding two significantly different prenyl diphosphates and variably shaped intermediates during the course of the reaction. A possible explanation for the results of earlier truncation studies is that GPP binding is more dependent on the stabilizing interactions of the N-terminal arginine pair than is LPP binding, and the former interaction is thus precluded in the absence of these arginine residues. Further support for an indirect role of the tandem arginine residues is derived from the observation that terpenoid synthases lacking this motif can still catalyze the analogous initial reaction steps (40) . Therefore, these enzymes must use other means to achieve the functionality of the tandem arginine residues of LS and similar enzymes.
Observable electron density is present in the active site regions for both the FGPP-and FLPP-cocrystallized structures. The positions of the fluorinated analogs and Mn 2ϩ ions can be clearly established, as can the positions of the amino acid side chains involved in ligand binding. Interpretation of the data for LS cocrystallized with FLPP was straightforward, and the density is consistent with bound (3S)-FLPP in the right-handed helical (anti-endo) conformation predicted for the LPP intermediate by the stereochemical model of the reaction (Fig. 2) (1, 25) . The FLPP used here was racemic, and the electron density also can accommodate the (3R)-enantiomer in the left-handed helical conformation. Indeed, the density was better accounted for when both enantiomers of FLPP were simultaneously modeled into the active site than when either enantiomer was modeled alone, suggesting that the observed density represents a mixture of both enantiomers bound in anti-endo form. LS has been shown to use preferentially the (3S)-enantiomer of LPP, but this enzyme also can use (3R)-LPP at a much reduced rate to produce (ϩ)-(4R)-limonene (15) . Similar preferential, but not exclusive, utilization of one LPP enantiomer has been observed for other monoterpene synthases (41) (42) (43) , suggesting that the lack of strong enantioselectivity for this normally enzyme-bound intermediate is a general property of the enzyme type.
Interpreting the structural data for LS cocrystallized with FGPP was far more difficult because, surprisingly, a model of FGPP could not be made to fit the active site electron density without significant bond distortion or without crowding the diphosphate into the metal ions in an unnatural coordination arrangement. Only when the FGPP model was replaced with a model of FLPP, which is shorter in overall length, could the ligand be made to fit the density while maintaining realistic bonding and coordination parameters. This unexpected result suggested that the FGPP used for crystallization was isomerized by the enzyme to bound FLPP, despite the rate suppression of this step imparted by the 2-fluoro substituent. The conformation of this enzymatically generated FLPP, however, is different from that of FLPP bound from solution in that the C4-C5 bond is rotated Ϸ150°from the position anticipated for helical (endo) folding, thus resulting in an extended conformation in which C6 is directed away from C1 (Fig. 4a) . A model of (S)-FLPP in this extended conformation is in good agreement with the observed density except for the C1-C2 vinyl group with fluorine at C2, which is not represented by the density. The C2-C3 single bond of the linalyl isomer allows free rotation of the vinyl group, and there do not appear to be any steric restrictions to this rotation in the crystal structure. The absence of density for these atoms may thus be due to thermal rotation around C2-C3.
Slight differences in the conformation of the bound ligand in each of the four active sites (two from each structure) became apparent when all of the chains were superimposed. In both active sites of LS cocrystallized with FGPP, the enzymatically generated FLPP is in the extended conformation, but the conformation in chain B is shifted slightly toward that of the helical (anti-endo) folding observed for LS cocrystallized with FLPP. There also are differences in ligand conformation between the two active sites of LS cocrystallized with FLPP; the ligand in chain A exhibits a nearly ideal anti-endo helical folding (Fig. 4b) , but in chain B the helical conformation is somewhat distorted and slightly rotated, although it still appears to be in a conformation that is competent for cyclization. These differences in ligand position also are reflected in the hydrogen bonding between LS and the bound ligand in both structures. In both chains of LS cocrystallized with FLPP, the phosphoester oxygen of the ligand forms a hydrogen bond to invariant R315, as was observed for BPPS ( Fig. 4b) (30) . A similar hydrogen bonding pattern is observed for chain B of LS cocrystallized with FGPP; however, in chain A of this structure, the diphosphate has shifted to a position in which the phosphoester oxygen forms a hydrogen bond with D496 on the opposite side of the active site (Fig. 4a) . Differences in the usually invariant position and orientation of the diphosphate moiety have also been observed in the D100E mutant of tricodiene synthase, a sesquiterpene synthase of microbial origin (44) , indicating at least some variability in diphosphate binding. The present results suggest that changes in diphosphate positioning may occur at different stages of the multistep reaction and thus represent an additional example of the active-site plasticity required for binding the various reaction intermediates.
Mechanistic Implications. The observation of the two different, origin-dependent conformations of FLPP suggests that the conformation of LPP generated enzymatically from GPP in the normal reaction also may differ from that of LPP bound from solution in reactions in which LPP is used as an alternate substrate. This difference may explain why pinene synthase from Salvia, for example, produces a somewhat altered product mixture with LPP as substrate compared with that generated from GPP as substrate (21) . The possibility remains that the presence of the fluorine atom at C2 may cause FGPP to bind in an unnatural conformation; however, a survey of related fluorinated compounds (45) suggests that the single fluorine substitution at the C2 site not involved in hydrogen bonding would cause only minor steric and geometric perturbations in the geranyl analog. Unfortunately, because FGPP was converted to FLPP during the crystallization process, the initial binding conformation of GPP remains unknown, but it almost certainly resembles the extended conformation of the enzymatically generated FLPP more than the conformation of FLPP bound from solution. However, the enzymatically generated (3S)-FLPP (extended form) does not appear to represent an intermediate that is competent to cyclize because ionization in this form would yield a carbocation in which electrophilic C1 is too distant from the C6-C7 double bond (because of the C4-C5 rotation angle) to permit ring closure. Two bond rotations must occur before such an intermediate can cyclize (C6 to C1) to the (4S)-␣-terpinyl cation. One bond rotation is about C2-C3 to the cisoid conformer, which has long been recognized as a requirement for cyclization (18) , and the other rotation is about C4-C5 to bring C6 close enough to the relocated C1 for bond closure to the cyclohexanoid system. Because these two distinct conformations of FLPP have been captured in the crystal structures, it does not appear that they are rotationally interchangeable without an intervening ionization and diphosphate repositioning. This process is seemingly hindered in the present case because of steric and/or electronic constraints imposed by the C2 fluorine substituent of the substrate analog. If the extended form is an accurate portrayal of initial substrate binding, then the second ionization and repositioning to achieve the cyclization-competent conformation would appear to be the slow step of the isomerization component of the coupled reaction sequence, rather than the initial ionization of GPP (in helical form) with syn-migration of the PP i to LPP (in helical form) as previously thought (1, 18, 25) . Fig. 5 depicts the traditional proposal for the reaction cycle involving helical conformations throughout (Fig. 5a ) and that involving initial binding of the extended conformation of GPP with PP i migration in this form (Fig. 5b) . Achievement of the cyclizationcompetent form from the intermediate in Fig. 5b requires either a protein conformational change not possible in the crystal state or an additional ionization and repositioning of the PP i involving movement of the C3-O phosphoester bond and rotation about C2-C3 and C4-C5 to the anti-endo conformation as a prelude to the final ionization-cyclization step. This proposal implies that the helical, cyclization-competent conformation of LPP, predicted from biochemical studies (1, 18, 25) , is achieved directly only when LPP is bound from solution when it can adopt this thermodynamically stable form. This conformational difference in binding, coupled with the inherently faster solvolytic rate of the tertiary allylic system (22) (23) (24) , readily explains the faster rate of enzymatic cyclization of LPP than GPP by LS (15) and other monoterpene synthases (1, 18 (51) . The two fluoroanalogs were characterized by using their 3 H, 19 F, and 31 P NMR spectra.
The cDNA for spearmint LS was cloned into the pSBET (52) vector, expressed in E. coli, and purified as previously described (17) . This version of the enzyme was truncated at R58, the approximate cleavage site for the plastid-targeting sequence (17, 37) . Crystallization trials were performed by using vapor diffusion from hanging drops at 293 K. Substrate analogs were mixed with the enzyme before the crystallization setup. A typical crystallization (Table 1) .
Data Collection and Structure Determination. X-ray diffraction data were collected under a liquid nitrogen temperature stream at 100 K on beamline 8.2.1 at the Berkeley Advanced Light Source. Before data collection, crystals were flash-frozen in liquid nitrogen after soaking in cryoprotectant (25% glycerol in reservoir solution) for 1 min. Data were processed with the HKL software suite (53) . Initial phases were determined by molecular replacement with the software package AMoRe (54) , and a search model was made by fitting the R58-truncated LS amino acid sequence to the coordinates of (ϩ)-BPPS complexed with product (Protein Data Bank ID code 1N24) (30) by using the Swiss-model server (www.expasy.ch).
The rigid body refinement of the initial position was performed by using 15-to 3.5-Å data and produced an R value of 0.37. After making several cycles of positional and temperature factor refinements with the program X-PLOR (55) and creating a series of simulated annealing omit maps, most residues were fitted against the electron density. To improve the model, iterative rounds of adjustments were made using the program O (56), and refinements were performed using the program X-PLOR (55) . Especially, a series of omit maps were made to validate the position and conformation of substrate analogs and residues near the active site. Data and refinement statistics are summarized in Table 1 . Fitting of structures for comparison was performed with the McLachlan algorithm (57) as implemented in the program ProFit (www.bioinf.org.uk/software/profit). The final structure coordinates were deposited in the Protein Data Bank. Structure figures were prepared by using the programs Molscript (58), Bobscript (59, 60) , and Raster3d (61). 
